Influenza B: Lee Swine influenza: Sw (No. 1976) Mumps: Mu Newcastle disease: NDV These are all strains commonly used in laboratory work except NY-47-1 which is an A strain isolated by the author from the influenza epidemic of 1947 in Mew York City. All the other strains were obtained from the Mew York Laboratories of the International Health Division of The Rockefeller Foundation. The swine virus came originally from Dr. R. E. Shope, the mumps virus from Dr. John Enders and is frequently referred to as the Enders strain. NDV came from Dr. F. M. Beaudette, who had carried it through numerous chick embryo passages. All strains were adapted for growth in the allantoic sac of chick embryos and infected allantoic fluid was dialyzed against phosphate buffer (pH 7.2) and stored at 4°C. Concentrated virus was prepared by centrifugation at 12,000 r.P.M, and the pellicle resuspended in one-thirtieth the original volume, with phosphate buffer or calcium saline.
Cholera vibrio filtrate was prepared by growing an Inaba strain (National Institute of Health 35A3) in nutrient broth. The organisms were removed by Berkefeld filtration and the filtrate was adjusted to pH 7.0 and stored at 4°C.
Calcium saline was prepared according to the formula of Burnet and Stone (4) and consisted of CaCl~, 1 gm., NaC1, 9.0 gin., I-I3BOs, 1.203 gin., and Na2B4OT. 10H~O, 0.52 gln. in a liter of solution. The pH was 7.1. This diluent was used in all experiments involving receptor or inhibitor destruction.
Fowl red cells were obtained under sterile conditions by bleeding domestic chickens from the heart. The cells were thoroughly washed in saline and stored in packed form at 4°C.
Hemagglutinin titrations were done both by the pattern method and with a photometer. For the former twofold dilutions of virus were prepared 0.25 cc. per dilution, in tubes of 10.5 ram. inside diameter. Fowl cells, 1 per cent by volume, were added to each tube (0.25 cc.) and the mixtures thoroughly shaken. The patterns were read after 45 minutes at room temperature and were graded as negative (small sharply outlined button), -4-(button with a slightly diffuse margin), q-(diffuse settling of cells in an area smaller than that of complete agglutination), and -t--t-(maximum agglutination with cells covering the entire bottom of the tube). The end point was taken as q-agglutination. All NDV tests were incubated at 4°C. The titration method with the densitometer has been previously described (5) .
The two sources of virus hemaggiutinin inhibitor (VIII) were the IV-4 fraction of human plasma (6) and a preparation of egg white made by Gottschalk's procedure (7) . The whites of 48 eggs were mixed with 12 liters of distilled water at 0°C. and the precipitate which formed was washed twice in distilled water and dissolved in 5 per cent NaCI. This solution was dialyzed against physiological NaCl solution at 4°C. This usually resulted in the formation of a precipitate which was not removed since it contained a major part of the VHI present. Both the egg white preparation (EW) and the plasma fraction (IV-4) were heated at 65°C. for 1 hour prior to use in order to minimize changes in titer on further heating to this temperature.
Tests for the VIII content of EW and IV-4 were done by the photometric method previously described (8) . This is similar in principle to the hemagglutinin inhibition method of antibody titration except that the testing strains of virus must be treated in a way that will prevent them from destroying the VIII during the course of the test. In previous experiments the testing strains were prepared by heating them at 56°C. but in those reported below the indicator viruses were made by treatment with sodium periodate (9) . This was found to be more uniformly effective than heating in creating efficient inhibitor indicators of an array of strains. One volume of virus suspension (dialyzed allantoic fluid) was combined with one-half volume of sodium periodate (5/40) and after 15 minutes one-half volume of 5 per cent glucose was added.
For testing the destructive effect of a virus on the VIII of either EW or IV-4, equal volumes of the inhibitor (at 0.25 and 0.78 per cent respectively) and active virus were combined and incubated at 37°C. Both virus and IV-4 or EW were suspended in calcium saline and penicillin was added to a concentration of 500 units per cc. Samples were removed periodically and heated to 65°C. to stop the reaction and inactivate the hemagglutinin added. An inactivation temperature of 80°C. was used for the NY47-1 strain. Serial twofold dilutions of the samples were made and to 0.5 cc. of each dilution was added 0.5 cc. of periodate-treated test virus, sufficient to make a final concentration of 3 units. With strains Mu and Melb 2 units were used as indicated in the tables. After 1 hour incubation 1 cc. of 1.5 per cent red cells was added and the tests read 75 minutes later on a densitometer. The point where 35 per cent of the cells had agglutinated and settled out was considered to be the end point, this being approximately half way between zero and maximum agglutination. In samples where the VIII had been reduced to traces through virus action it was necessary to use a higher degree of agglutination for the end point and to adjust all results to the same scale. The error introduced by such extrapolation was small since it was used only when very little VIII remained.
In the experiments which follow, tests for red cell receptors and for inhibition of agglutination were made with a number of strains at the same time. For brevity the receptors or VHI titer found with e.g. strain Melb are referred to as Melb receptors or Melh-VHI. This does not imply that there is an exclusive specificity for the strain mentioned.
Determination of the Receptor Gradient by Means of Cholera Vibrio Filtrate.--
As a preliminary to work on the receptor gradient it was essential to determine whether our strains fell in the same sequence as that established by Burnet and collaborators (3) . Of the strains they employed, only five were available here (Mu, Melb, WS, Lee, and Sw) and these had been derived from a common stem long ago. The simplest way of determining the gradient sequence was by following the change in agglutinability of red cells by the different strains after various stages of receptor removal by cholera vibrio filtrate.
The method employed in these tests was essentially that of Stone (10) which she devised for a similar purpose. Usually red cells from a single bird were used. They were suspended at a final concentration of 0.5 per cent in a 1:32 dilution of cholera vibrio filtrate, the latter being diluted with calcium saline. This concentration of filtrate was sufficiently potent usually to destroy the most resistant receptors in about 3 hours. Cells and filtrate were incubated at 37°C., samples were removed periodically, and sodium citrate added to a final concentration of 2 per cent in order to inhibit further action of the filtrate. The cells were washed in saline and resuspended at 1 per cent concentration. They were tested for agglutinability in a pattern test by adding them to serial twofold dilutions of eight different virus strains.
The results of one such test with a pool of cells from five birds are shown in Fig. l , in which the titer with treated cells is plotted as per cent of the titer with normal cells. The order in which receptors were removed in this test was PR8, NDV, Melb, WS, Mu, Lee, Sw, NY-47-1. The order of strains Mu, Lee, and Sw was somewhat variable at different stages, otherwise the sequence from NDV through Sw was the same as that found by Stone (10) . PR8 and NY-47-1 were not included in her tests.
The foregoing test was repeated a number of times with certain variations in results which were related to the individual preparation of red cells used.
The most marked variation was in the position of Mu, NDV, and NY-47-1 in the sequence. Strain Mu, for example, varied from first to last position and the position of the other two strains was almost equally changeable, and in general the position was referable to the cell preparation. A second variable was the speed with which any or all receptors were removed from cells by the same concentration of vibrio filtrate. With some cells the receptors all disappeared in 80 minutes while with others they were removed more slowly and some persisted after 4 hours of treatment. An example of the third variable is seen in Fig. 1 in which the titers found with cells after filtrate treatment rose above the normal titer for long periods of time, This phenomenon was typical of strains Lee, Sw, and NY-47-1 and again occurred only with certain cell preparations. This increase in titer was sometimes as much as eightfold and its occurrence indicated that agglutinability of cells does not necessarily parallel receptor destruction which was doubtless continuous from the start of the experiment. This was borne out by a test in which illtrate-treated cells were titrated simultaneously for their agglutinability in Lee virus and their ability to adsorb that virus. The results are given in Table I . Cells were treated with cholera vibrio filtrate in calcium saline at 37°C. The reaction was stopped by the addition of citrate. The cells were washed and added to dilutions of Lee virus to determine their agglutinability and to periodate-treated Lee virus to determine their adsorbing capacity. The residual adsorbing capacity of treated cells was estimated by comparing the amount of virus adsorbed from a suspension with that removed by different concentrations of normal cells.
The destruction of receptors as measured by adsorption (Table I) gave the expected result in that receptors began to disappear as soon as the cells were exposed to filtrate and almost 90 per cent of them were destroyed before the agglutination titer dropped below the normal control titer. Discrepancies between the two methods of measurement were not so marked when more rapidly destroyed receptors were involved but the results serve to emphasize that the agglutinability of cells is only a very rough index of actual receptor destruction and tends to exaggerate differences in speed of receptor removal.
Destruction of Cellular Receptors by Viruses.--When influenza virus strains
are used to exhaust the receptors from red ceils, difficulties are encountered in removing the final traces and until this is done, the cells, even though thoroughly washed, continue to "spontaneously" agglutinate, presumably due to retention of small amounts of virus on their surface. This makes it impossible to test for the agglutinability of treated cells by an array of viruses. Burnet circumvented this difficulty (2) by mixing virus-treated cells with homologous immune serum, which stabilized the suspensions and permitted the cells to be used in further experiments. By stabilizing a suspension after different periods of virus exposure Burnet found that the removal of receptors by viruses followed a pattern similar to that following the use of cholera vibrio filtrate. In the gradient sequence by this technique the first or lowest members were Mu and NDV, followed by the influenza viruses in the same order as with filtrate. More surprising than this was the finding (3) that each virus in the series removed receptors only for itself and for those viruses below it in the series. Thus Mu virus removed only Mu receptors and Melb virus removed receptors for Mu, NDV, and Melb. This remarkable limitation suggested strongly that there existed wide differences in the breadth of potential of receptor destruction even within the influenza group. In the original work on receptor destruction by influenza viruses (1) no such specificity was found between strains PR8 and Lee which are widely separated strains on the receptor scale.
In the present work it was decided to avoid the possible complications of immune serum for stabilizing suspensions of treated cells, especially since it is not clear whether the antiserum exerts its action by removing residual virus or by coating over the virus adherent to the cells. In order to obtain stable suspensions of cells by virus action, higher virus concentrations were used than had previously been employed. All but one strain of virus yielded stable cells under the conditions used.
Viruses of seven different strains were concentrated from allantoic fluid by centrifugafion and the sediments taken up in calcium saline, one-tenth the original volume. Fowl red cells were added to each preparation to a final concentration of 0.5 per cent. Although the materials were sterile 200 units of penicillin per cc. was added. The mixtures were incubated at 37°C. with occasional shaking to keep the cells dispersed. As judged by the pattern which formed on settling out in the incubator, it required about 2 hours for the cells to become stable in mumps virus but 6 to 8 hours in the other viruses. After 8 hours' incubation all the cells were thoroughly washed in saline and diluted to 1 per cent concentration and each cell suspension was added to an undiluted sample of each of seven virus strains. The test strains all titered 1:512 or over by the pattern method with normal cells. The results of this cross-test were read after 45 minutes and are given in Table II. With the exception of the WS-treated cells, all suspensions were stable in saline at the end of 8 hours' treatment. Control cells, incubated for 8 hours in calcium saline, gave full agglutination with all viruses. With the exceptions noted below, each virus exhausted cells of receptors so completely that they failed to agglutinate fully with any of the test viruses. WS-treated cells were the major exception to this statement, since WS cells agglutinated spontaneously after treatment. Several different preparations of this strain all gave the same result. It is perhaps significant that WS virus most consistently agglutinated otherwise completely exhausted cells.
Red cells became stable much more quickly with Mu virus (1 to 2 hours) than with any other strain. When first stabilized they no longer agglutinated in Mu or NDV virus but were still agglutinated by the influenza strains. The preparations used for receptor exhaustion consisted of the virus from allantoic fluid, concentrated ten times and dispersed in calcium saline. Normal red cells were added to each preparation to a final concentration of 0.5 per cent and the mixtures were incubated at 37°C. for 8 hours. The cells were washed several times in saline, made up to 1 per cent concentration, and added in 0.25 cc. amounts to a similar volume of undiluted test viruses. The hemagglutinin titer of the test strains is shown in the bottom line of the table. Control cells, treated similarly throughout, were incubated in calcium saline.
Prolonged incubation in Mu virus after the cells had become stable sometimes resulted in the removal of nearly all the influenza receptors as in the example in Table II . With other lots of cells the influenza receptors were much more resistant and some persisted even after 12 hours' incubation. Hemolysis by mumps preparations was a negligible factor when calcium saline was used as a diluent. The irregularities of mumps virus in removing influenza receptors could not be explained by contamination of the mumps suspension with other viruses or by bacteria.
Destruction of Plasma VIII by Viruses.--The virus hemagglutinin inhibitor
(VIII) of human plasma fraction IV-4 has many characteristics in common with the receptors of red cells (11) and it was of interest to see how far these analogies could be extended to the phenomenon of the receptor gradient. If the nature of the gradient with inhibitors is as Burnet (12) has indicated, then viruses low in the series should be able only partially to degrade the VHI complex while higher members should destroy it completely. This plasma fraction is especially suitable for such experiments since its VIII titer with all the influenza strains is so uniformly high. When the IV-4 fraction was tested for VHI content with a series of periodate-treated strains the average titer for the influenza strains differed only by fivefold (Table III) . Mu-VHI was present in such low concentration, however, that two instead of three units of this virus were used throughout to bring the VHI titer within a workable range. NDV-VHI was present in quantities too small to measure accurately.
In the following series of experiments the VIII complex of fraction IV-4 was degraded with five viruses, Mu, NDV, PR8, Melb, and NY-47-1, representing 
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The VIII titers given are the equivalent of the dilution factor of inhibitor at the end point divided hy 1000.
* These values were obtained using 2 instead of the usual 3 hemagglutinating units of virus which in effect raises the titer five-to tenfold. the three different species as well as the extremes of the influenza gradient series. In the first experiment unheated NY-47-1 virus (titer 10 by the densitometer method) was added to the plasma fraction and incubated for 24 hours. Samples were removed at intervals, heated to destroy the hemagglutinin, and titered with each of the seven periodate-treated indicator strains. The details of the technique are given under the methods, and the results of the test are given in Fig. 2 in which the logarithmic decrease in VHI titer was plotted vertically on a horizontal scale of time. The rate of destruction of the VHI for different viruses varied quite markedly. PR8-VHI almost disappeared in 2 hours time while traces of NY-47-1, Lee, and Melb persisted for 24 hours. The gradient order in terms of decreasing rate of destruction was PR8, Mu, Lee, WS, Sw, Melb, and NY-47-1. The most striking exception to the usual order of the receptor gradient was the very high position of Melb, which should follow PRS. The high position of Melb was characteristic of influenza destruction of IV-4 VIII.
The second test was carried out with strain Melb, which next to PR8 was the lowest member of the influenza receptor gradient. In this experiment the unheated Melb used titered 10 as in the previous test. The gradient sequence was: PR8, WS, Lee, Mu, Sw, NY-47-1, and Melb. This was similar to the result with NY-47-1 in that PR8 was lowest and NY-47-1 and Melb VIII were the highest in the series. In this case the homologous VIII (Melb) was the most resistant to destruction and about 15 per cent of the original amount remained at 24 hours. In order to see whether the resistance to destruction by strain Melb was due to the inability of this virus to degrade part of the VHI complex the experiment was repeated using 10 times the former amount (titer 100) of Melb virus to act on the plasma VHI. The results are given in Table IV , from which it is obvious that the destruction went much faster and nearer to completion, leaving only traces of VHI at 24 hours. There was no indication of any VHI in plasma which was wholly resistant to Melb action.
The third degradation of VHI was carried out with strain PR8, the lowest influenza strain of either the receptor or the IV-4 gradient series. When 16 units of this virus was employed the destruction of VHI was much slower than in the previous tests and was quite incomplete at 24 hours. When 100 units was used, however, the degradation was quite rapid and complete and the gradient sequence was PR8, Lee, Sw, WS, Mu, NY-47-1, and Melb. Thus, again the extremes of the gradient were similar though there was quite varied position in the intermediate members.
In the experiment on the effect of Mu virus on plasma VHI, 16 units of virus was used. As shown in Fig. 3 , this brought about a slow but steady decrease This experiment was essentially similar to that shown in Fig. 2 except that a higher concentration of virus Melb (I00 units) was used for destruction of the VHI. in Mu-VHI with less than 2 per cent remaining at 24 hours. The behavior of the influenza VHI was, however, qualitatively different from that in any of the previous tests. About 75 per cent of the Mu-VI-II was destroyed in the first 2 hours and during this time the various influenza VHI values dropped only 20 (Lee) to 65 (NY-47-1) per cent and then remained steadily at that level for the remaining 22 hours. All the influenza curves fell between these extremes but some were omitted for clarity in presentation. The use of ten times as much (160 units) Mu virus for VHI destruction resulted in a much more rapid loss of Mu-VHI but the other curves remained at essentially the same levels as those shown.
The results of treating IV-4 with NDV (256 units) are shown in Fig. 4 and are very similar in character to the curves found on treating with Mu virus, with a slow progressive drop in Mu-VHI but little significant loss of influenza VIII after 1 hour. The initial drop in influenza VHI was of the same order of magnitude as with Mu virus. It was not feasible to use a concentration of NDV beyond the one employed.
The experiments with Mu and NDV strains strongly indicate that these agents are limited in their capacity to destroy the entire VHI complex of plasma. Both Mu and NDV caused a sharp initial drop in Mu-VHI of 75 per cent in 2 hours and it was during this period that the only detectable decrease in influenza-VHI occurred. It may be that a single VHI component was being destroyed by these two viruses, a substance which was the sole mumps inhibitor but which was also part of the influenza-VHI complexes. The destruction of Mu-VHI beyond 75 per cent was not accompanied by detectable change in the influenza-VHI content, possibly because such a small increment of the total could not be detected by this method of measurement. The VHI in human plasma was destroyed in a similar manner when acted on by any of the influenza strains. There were minor differences in inhibitor gradient order with various influenza strains and this order was "unorthodox" in that VHI-Melb was destroyed very slowly. The only viruses which showed a limitation in receptor destruction were strains Mu and NDV.
A similar series of experiments was carried out with EW inhibitor. As
Bernkopf has noted (13) there are marked differences between EW and rabbit serum in the content of various inhibitors, as shown in Table III . While there was about fivefold variation among influenza inhibitors in IV-4 the difference between Melb-and PR8-VHI in EW was more than 100-fold. This quantitative difference was accompanied by equally marked qualitative differences in the order of the inhibitor gradient series. When the Lee strain acted on EW the gradient series was Lee, WS, NY-47-1, Sw, Mu, Melb, PR8, and NDV, as shown in Fig. 5 . Essentially the same gradient was obtained by treating with PR8, NDV, and Mu. One of the most unusual features of this result was the high position of PR8 in the EW series, since this strain was the lowest influenza strain in the IV-4 series. Also, the resistance of NDV-VHI to virus destruction was considerable and in an experiment employing PR8 for receptor destruction no detectable NDV-VHI was lost in 24 hours although the VHI for other strains was reduced to traces in less than 4 hours. There were further qualitative differences between EW and IV-4 in that Mu and NDV strains, which had a limited effect on the VHI of IV-4, destroyed the EW-VHI complex almost completely under similar conditions. Some of these data will be included in the protocols of a subsequent paper (14) .
DISCUSSION
The evidence on many aspects of the receptor gradient is too sketchy to warrant an attempt at welding all the facts into a single theory. Burnet (2) has proposed the view that the receptors for different viruses are basically similar but that they are buried at varying depths in the cell surface and thus have varying degrees of accessibility. According to this view, the viruses low in the series are capable of destroying (and combining with) only the most accessible receptors while the higher members can combine with and destroy even those which are most deeply buried. Accessibility will not, however, explain the gradient found with inhibitors where everything is in solution.
The receptor problem may be discussed under two broad categories: (a) the specificity of the virus enzymes and (b) the specificity, number, and variation of virus receptors and inhibitors. It is most surprising that these virus enzymes are so lacking in specificity. This may be seen in a number of ways: (a) All the viruses tested were capable, under optimum conditions, of removing all the receptors from red cells, (b) Against a single inhibitor source the gradient was roughly the same regardless of the strain employed. Two exceptions must be made to the latter statement, namely, the action of Mu and NDV against IV-4 VHI. In general the variation in receptor-destroying capacity from strain to strain seemed to be one of speed, and this was correlated somewhat with the receptor gradient. The viruses low in the gradient destroyed inhibitors at a slower rate than those high in the series. The limited action of Mu and NDV against IV-4 VHI places their enzymes in a somewhat special category since these were the only instances found in which there was a limited enzyme range. Burnet found a similar example in the limited action of Melb on ovarian cyst inhibitor (12) .
The apparent uniformity of the virus enzymes is in marked contrast to the differences found in inhibitors and receptors. From the experiments on receptor destruction with vibrio filtrate it would seem likely that there are quantitative differences in receptors between the red cells of individual birds. In respect to VIII it is clear that material from two different sources contained widely differing proportions of VHI affecting different viruses. It also seems that the VHI from the two sources differed qualitatively in that the VHI in EW was completely destroyed by Mu and NDV while that in plasma was not. In addition, there was a striking difference in the order in which the VHI's of the two preparations were destroyed by influenza strains.
It is difficult to imagine that this complex situation could occur without the existence of a number of kinds of receptor (or inhibitor) say A, B, C, D, etc. Whether or not these be considered as separate molecules or as various groups on the same molecule is irrelevant at the moment. Strain Melb may combine with A, B, C, D but predominantly with A, while NY-47-1 combines with the same elements but predominantly with B. The inhibitors (or receptors) also vary in the ease with which they are destroyed, A going much before B, etc., regardless of the type of inactivating virus. There is no evidence that a virus which attaches preferentially to B destroys that receptor before A. The relative proportions of A, B, C, etc. vary in VHI from different sources and plasma probably contains elements not present in egg white.
Taking the receptor inhibitor situation as a whole, it is doubtful whether any fundamental over-all gradient sequence exists. Some of the results have been summarized in Table V . The order of gradient with fowl cells shown is an average one and varies with the individual cell as well as with the stage of exhaustion. This average order was somewhat different from the inhibitor gradient of IV-4 and the sequence was very nearly reversed in the case of egg white. A strain each of mumps and Newcastle disease virus and five strains of influenza virus were found to be capable of removing all the receptors for this group of viruses from fowl red cells. Five virus strains were tested for their capacity to inactivate the virus hemagglutinin of human plasma and of egg white. In the case of egg white all strains including mumps and Newcastle disease virus inactivated the inhibitor completely, or nearly so. With plasma the influenza strains inactivated the inhibitor completely but mumps and NDV destroyed only that portion of the complex which effected mumps inhibition. The inhibitor for some strains was destroyed more rapidly than that for others and the sequence in which they were destroyed (inhibitor gradient) was similar, regardless of the strain employed. The inhibitor gradient for egg white was very different from that for plasma and these in turn differed significantly from the receptor gradient for fowl red cells.
